Older people dietary protein exercise protein quality physical function a b s t r a c t New evidence shows that older adults need more dietary protein than do younger adults to support good health, promote recovery from illness, and maintain functionality. Older people need to make up for age-related changes in protein metabolism, such as high splanchnic extraction and declining anabolic responses to ingested protein. They also need more protein to offset inflammatory and catabolic conditions associated with chronic and acute diseases that occur commonly with aging. With the goal of developing updated, evidence-based recommendations for optimal protein intake by older people, the European Union Geriatric Medicine Society (EUGMS), in cooperation with other scientific organizations, appointed an international study group to review dietary protein needs with aging (PROT-AGE Study Group). To help older people (>65 years) maintain and regain lean body mass and function, the PROT-AGE study group recommends average daily intake at least in the range of 1.0 to 1.2 g protein per kilogram of body weight per day. Both endurance-and resistance-type exercises are recommended at individualized levels that are safe and tolerated, and higher protein intake (ie, !1.2 g/kg body weight/d) is advised for those who are exercising and otherwise active. Most older adults All authors attended the setup meeting, so they all were involved in conception of principal content. Working teams then drafted text, and all authors critically reviewed and edited both the draft manuscript and the final text.
Indeed, new evidence shows that higher dietary protein ingestion is beneficial to support good health, promote recovery from illness, and maintain functionality in older adults (defined as age >65 years). 5e10 The need for more dietary protein is in part because of a declining anabolic response to protein intake in older people; more protein is also needed to offset inflammatory and catabolic conditions associated with chronic and acute diseases that occur commonly with aging. 5 In addition, older adults often consume less protein than do young adults. A shortfall of protein supplies relative to needs can lead to loss of lean body mass, particularly muscle loss.
14 As a result, older people are at considerably higher risk for conditions such as sarcopenia and osteoporosis than are young people. 15e17 In turn, sarcopenia and osteoporosis can take a high personal toll on older people: falls and fractures, disabilities, loss of independence, and death. 4,16e18 These conditions also increase financial costs to the health care system because of the extra care that is needed. 19 With the goal of developing updated evidence-based recommendations for optimal protein intake by older people, the European Union Geriatric Medicine Society (EUGMS), in cooperation with other scientific organizations, appointed an International Study Group led by Jürgen Bauer and Yves Boirie, and including 11 other members, to review dietary protein needs with aging (PROT-AGE Study Group). Expert participants from around the world were selected to represent a wide range of clinical and research specialties: geriatric medicine, internal medicine, endocrinology, nutrition, exercise physiology, gastroenterology, and renal medicine. This PROT-AGE Study Group reviewed evidence in the following 5 areas:
1. Protein needs for older people in good health; 2. Protein needs for older people with specific acute or chronic diseases; 3. Role of exercise along with dietary protein for recovering and maintaining muscle strength and function in older people; 4. Practical aspects of providing dietary protein (ie, source and quality of dietary proteins, timing of protein intake, and intake of protein-sparing energy); 5. Use of functional outcomes to assess the impact of age-and disease-related muscle loss and the effects of interventions.
PROT-AGE Methods
The PROT-AGE Study Group first met in July 2012, followed by numerous e-mail contacts. The group followed a Delphi-like process for consensus decision making: structured discussions, evidence-based reasoning, and iterative steps toward agreement. The PROT-AGE Study Group represented the EUGMS, the International Association of Gerontology and Geriatrics (IAGG), the International Academy on Nutrition and Aging (IANA), and the Australian and New Zealand Society for Geriatric Medicine (ANZSGM). The recommendations developed by the PROT-AGE Study Group and represented here have been reviewed and endorsed by these participating organizations.
Recommended Protein Intake for Healthy Older People: Current Recommendations and Evolving Evidence
Existing guidelines for dietary protein intake specify the same recommended dietary allowance (RDA) for all adults: 0.8 g/kg BW/ d. 1e3 In the view of the PROT-AGE working group, this recommendation is too low for older people. Evolving evidence supports the concept that lean body mass can be better maintained if an older person consumes dietary protein at a level higher than the general RDA. 6e10, 14, 20, 21 Recent research results also suggest other specific nutritional strategies to promote protein absorption and its efficient use in older people; such strategies deal with protein source, timing of intake, and specific amino acid content or supplementation. The current dietary reference intake (DRI) for protein is based on nitrogen balance studies. 32 The concept underlying nitrogen balance studies is that protein is the major nitrogen-containing substance in the body. Therefore, gain or loss of nitrogen from the body represents gain or loss of protein; the amount of protein required to maintain nitrogen balance reflects the amount of protein required for optimal health. 1 A nitrogen-balance study uses careful documentation of nitrogen intake, a diet adjustment period of 5þ days for individuals for each test level of intake, and a precise accounting of all nitrogen excreted. There are several limitations to nitrogen-balance studies, including the difficulty of quantifying all routes of nitrogen intake and loss, and the practical challenge of managing research studies with extended adaptation times; such limitations are likely to result in underestimation of protein requirements. 6 In addition, a neutral nitrogen balance may not PROT-AGE recommendations for dietary protein intake in healthy older adults To maintain and regain muscle, older people need more dietary protein than do younger people; older people should consume an average daily intake in the range of 1.0 to 1.2 g/kg BW/d. The per-meal anabolic threshold of dietary protein/amino acid intake is higher in older individuals (ie, 25 to 30 g protein per meal, containing about 2.5 to 2.8 g leucine) in comparison with young adults. Protein source, timing of intake, and amino acid supplementation may be considered when making recommendations for dietary protein intake by older adults. More research studies with better methodologies are desired to fine tune protein needs in older adults.
reflect subtle changes in protein redistribution (eg, shifts between muscle and splanchnic tissues in older subjects). 33 Moreover, given the relatively slower rate of protein turnover in muscle, it is unlikely that significant changes in muscle mass, particularly in older persons, could be detected in short-term balance studies. These limitations underscore the challenges of determining protein intake requirements for all adults, as well as the difficulty in differentiating needs for men versus women or for older adults versus younger adults. 32 Although other methods, including carbon balance 34 and amino acid indicator studies, 35e37 have been used to estimate protein requirements, they are still not currently considered as robust as the nitrogen balance method. 1 
Protein Intake and Utilization Affect Functionality in Older Adults
Determining the appropriate protein intake for older adults is important because inadequate intake contributes to increased risk for common age-associated problems, such as sarcopenia, osteoporosis, and impaired immune responses.
15e17, 38 The following 3 factors variously influence protein use in older individuals: inadequate intake of protein (eg, anorexia or appetite loss, gastrointestinal disturbances), reduced ability to use available protein (eg, insulin resistance, protein anabolic resistance, high splanchnic extraction, immobility), or a greater need for protein (eg, inflammatory disease, increased oxidative modification of proteins), all of which point to a need to understand the role of dietary protein in maintaining functionality in older people ( Figure 1 ).
Benefits of Higher Protein Intake for Older Adults
Epidemiological studies and clinical trials support the need for higher protein intake by older adults. Several epidemiological studies have found a positive correlation between higher dietary protein intake and higher bone mass density 39e41 ; slower rate of bone loss 42 ;
and muscle mass and strength. 43 One epidemiological study showed a positive association between higher dietary protein intake and fewer health problems in older women. 44 With data from the Health, Aging, and Body Composition (Health ABC) Study, Houston et al 14 were able to assess the association between dietary protein intake and changes in lean body mass (LBM) over a 3-year period in healthy, older adults (n ¼ 2066). In this study, dietary protein intake was assessed by using a foodfrequency questionnaire; changes in LBM were measured using dual-energy x-ray absorptiometry (DEXA). After adjustment for potential confounders (eg, demographic characteristics, smoking status, alcohol consumption, physical activity), energy-adjusted protein intake was associated with 3-year changes in LBM (P ¼ .004); participants in the highest quintile of protein intake lost approximately 40% less LBM than did those in the lowest quintile of protein intake. These results remained significant even after adjustment for changes in fat mass. Although causality cannot be established, these results do suggest a close relationship between higher protein intake and maintenance of skeletal muscle mass in older adults. Several short-term metabolic studies investigated the differences in protein synthesis and breakdown (both whole-body and skeletal muscle) between younger and older adults. 45e47 Given the complex nature of the aging process, 48 it is not surprising that the combined results of these studies are inconclusive, and sometimes contradictory, for the fasted state. In the fed state, however, most researchers now agree that there is an impairment of the muscle protein anabolic response to meal intake in older adults, 46, 49, 50 although some studies found no difference between older and younger adults, especially when high amounts of amino acids or proteins were administered. Abnormal muscle protein anabolism may result from inadequate nutritional intake (lower anabolic signal) or from impaired response to nutrients and hormones (lower sensitivity), that is, anabolic resistance. 5 For such anabolic resistance, several new strategies aim to improve postprandial anabolic signaling or sensitivity to nutrients. These include providing sufficient protein/amino acid intake to maximize muscle protein anabolism and/or using exercise to improve sensitivity to nutrients and hormones (particularly insulin). 51e53 Additionally, supplementation of anabolic nutrients, such as specific amino acids (eg, leucine), different distribution of the protein intake over the daily meals, or selection of proteins with different digestion profiles ("slow" and "fast" proteins concept), are new strategies. These innovative strategies, especially those combining nutritional and physical preventive strategies, are discussed later in this article. Longer-term protein intake studies in older adults are scarce. In one intervention study of intermediate length, Campbell et al 21 found
that consuming the RDA for protein resulted in the loss of mid-thigh muscle area over a 14-week period in healthy older adults (n ¼ 10). Although whole body composition (% body fat, fat-free mass, and protein þ mineral mass) and weight did not change over the course of the intervention, mid-thigh muscle area was significantly decreased (P ¼ .019), suggesting that metabolic adaptation may have occurred and the RDA for protein was not adequate to meet the metabolic and physiological needs of these individuals. These findings highlight how changes in muscle tissue are not always reflected at the whole-body level.
Concerns are frequently raised regarding the impact of high-protein diets on renal function, particularly in older persons. However, reviews of research studies reveal little or no evidence that high-protein diets cause kidney damage in healthy individuals, including those who are older. 6, 54, 55 Given the available data, a recommendation of protein intake at 1.0 to 1.2 g/kg BW/d is expected to help maintain nitrogen balance without affecting renal function, especially until results of additional studies are available. 6 Protein intake recommendations for individuals with kidney disease are presented later in this article.
Specific Nutritional Strategies to Achieve Optimal Protein Utilization
Specific feeding strategies represent advancing refinement in our understanding of protein synthesis in older adults. Strategies include feeding to optimize protein digestion and absorption by specifying the type of protein, addition of specific amino acids or fatty acids to enhance protein synthesis, and specifying per-meal protein quantity and timing of intake (Table 1) .
For timing and amount of intake, older individuals appear to have a higher per-meal protein threshold to promote anabolism (ie, 25 to 30 g protein per meal containing about 2.5 to 2.8 g leucine). 50 This evidence suggests benefits to even distribution of protein at breakfast, lunch, and supper; however, recent studies have also shown anabolic benefits from pulse feeding (ie, a main highprotein meal, usually at midday). 56, 57 Additional clinical studies are needed to determine whether both feeding patterns are effective or whether one is clearly favored over the other. Such strategies should be tested in both long-and short-term clinical interventions.
Specific Recommendations on Dietary Protein Intake by Healthy Older People
Current guidelines for protein intake in older adults are identical to those for younger adults. In particular, the most commonly used benchmark for dietary recommendations, the RDA, is defined by the minimum amount of daily protein necessary to prevent deficiency in 97% of the population. However, present recommendations (0.8 g/kg BW/d), are based on adult studies and do not take into account the many body changes that occur with aging, so they may not be adequate to maintain, or help regain, muscle mass in the older population. Although longer-term studies are needed, research to date supports increasing this recommendation from the current 0.8 g/kg BW/d to a range of at least 1.0 to 1.2 g/kg BW/d (Table 2 ). Although this change represents a significant increase, Omega-3 fatty acid supplementation augmented the hyperaminoacidemia-hyperinsulinemiaeinduced increase in the rate of muscle protein synthesis, which was accompanied by greater increases in muscle mTOR (mammalian target of rapamycin) (P ¼ .08) and p70s6k (P < .01) phosphorylation. ) patients. Some recommendations are specific to protein, whereas others recommend protein as part of an oral nutrition supplement (ONS) or enteral nutrition formula.
With increased protein intake, older people may experience improved bone health, cardiovascular function, wound healing, and recovery from illness. 73 These benefits also have the potential to help older people meet the health challenges of illness. The latest Cochrane update from 2009 indicates that protein-energy supplementation reduces mortality, especially in older, undernourished subjects and in patients with geriatric conditions. 74 Table 3 summarizes studies and recommendations for protein intake in older people who are hospitalized in ward or critical care settings.
Hospitalized older adults
Results of a retrospective study of undernourished older people in a Dutch hospital (n ¼ 610) showed that only 28% met protein targets (n ¼ 172). 78 For the study, subjects were identified by nutrition screening on admittance. Of those screened, 15% were malnourished and included in the study; 40% of patients older than 65 had multiple diseases. Energy targets were determined with the Harris-Benedict equation, then adjusted by þ30% for activity or disease; protein targets were 1.2 to 1.7 g protein/kg BW/d. In a French study, the sickest patients in a group of older adults in short-or long-stay care settings were found to be the most undernourished, and fell particularly short of protein targets (intake of 0.9 g protein/kg BW/d, compared with 1.5 g/kg BW/d goal). Patients categorized to be at a nutritional "steady state" were able to meet their energy and protein goals (25e30 kcal/kg BW/d and 1.0 g protein/kg BW/d). 79 
Frailty
The frailty syndrome has a place on the continuum between the normal physiological changes of aging and the final state of disability and death. 4, 80 Frailty worsens age-related changes in protein metabolism, further increasing muscle protein catabolism and decreasing muscle mass. 81 Higher protein consumption has been associated with a dose-responsive lower risk of incident frailty in older women. 82 Incorporating more protein into the diet is thus a rational strategy for frailty prevention.
Hip fracture
Older adults (average age 84) with hip or leg fracture who entered the hospital undernourished did not meet estimated energy or protein targets. Individual energy requirements were estimated by age, gender, activity level, and disease-related metabolic stress; protein requirements were estimated at 1.0 g protein/kg BW/d. With diet alone, patients were able to meet only 50% of energy and 80% of target protein intake. 83 Considerable evidence supports the concept that supplemental protein or higher dietary protein intake by older people hospitalized for hip fracture could reduce risk for complications, 74, 84, 85 improve bone mineral density, 86, 87 and reduce rehabilitation time (Table 4) . 86 
Osteoporosis
In older people with osteoporosis, findings from a systematic review, 88 several prospective cohort studies, 89, 90 and a randomized, controlled trial 91 (RCT) all found higher bone mineral density when protein intake was at levels higher than 0.8 g/kg BW/d or was 24% of total energy intake ( Table 4) .
Stroke
In patients with stroke (69.0 AE 11.3 years), Foley et al 92 found that the actual intake failed to meet energy or protein targets, reaching just 80% to 90% of either target in the first 21 days of hospitalization. Energy targets were set using measured energy expenditure (plus 10% for bedridden or 20%e40% for ambulatory patients); protein targets were 1.0 g/kg BW/d, above the healthy adult level to allow for the additional physiological demands of stroke. Enterally fed patients in the study, unlike patients on regular or dysphagia diets, were able to meet or exceed energy or protein goals at some of the 5 evaluation points.
Pressure ulcer
Results of an observational study in a small group of older patients (71 AE 10 years) hospitalized for surgical repair of chronic pressure ulcers, showed that intake from normal hospital meals covered only 76% of patients' energy requirements. Oral nutrition supplements were necessary to achieve both energy and protein requirements. 93 ) who are not on dialysis are an exception to the high-protein rule; these individuals need to limit protein intake.
A Japanese cross-sectional nitrogen balance survey of older adults with pressure ulcers (n ¼ 28) found that the average daily protein requirement for these subjects to achieve nitrogen balance was 0.95 g/ kg BW/d, but protein requirements varied according to an individual's condition and wound severity and ranged from 0.75 to 1.30 g/kg BW/d. 95 
Chronic obstructive pulmonary disease
Chronic obstructive pulmonary disease (COPD) presents multiple nutritional challenges. People with COPD have a need for greater supplies of energy and protein to meet higher energy expenditure, in part from the increased work of breathing and the inflammatory process of the disease, and, when also insulin-resistant, decreased protein anabolism. 96, 97 In the face of these challenges, patients with COPD are generally underweight, and several studies show they have a lower fat-free mass than healthy people. 96 Aniwidyaningsih and colleagues 96 recommended high-protein ONS with 20% kcal from protein. However, evidence is limited, so further studies are necessary, especially in older people with COPD.
Cardiac disease
Guidelines from Spain recommended protein intake at 1.2 to 1.5 g/kg ideal BW/d for all adult critically ill patients with cardiac disease who are hemodynamically stable. 98 They also recommended adequate energy, 20 to 25 kcal/kg/d. In addition, Aquilani et al 99 found that cardiac patients given supplemental amino acids had improved exercise capacity and shortened postexercise recovery time. The RCT involved 95 community-living patients with chronic heart failure (74 AE 5 years) who received supplemental amino acids twice a day (8 g amino acids per day) for 30 days along with standard pharmacologic therapy. Data from published nitrogen balance studies indicate that a higher protein intake of 1.0e1.3 g/k/d is required to maintain nitrogen balance in the healthy elderly, which may be explained by their lower energy intake and impaired insulin action during feeding compared with young persons.
Diabetes
For older people with diabetes, dietary recommendations, including protein recommendations, depend on the individual's nutritional status, as well as on comorbid conditions. However, diabetes is associated with a faster loss of muscle strength and a higher rate of disability. An older person with diabetes and sarcopenic obesity may benefit from increased dietary protein intake, whereas someone with diabetes and severe kidney nephropathy may need to follow a protein-restricted diet. In developed countries, diabetes is the leading cause of chronic kidney disease, and in the United States, accounts for nearly half of all kidney failure. 100 Recent guidelines from the American Geriatrics Society stress the importance of an individualized treatment approach for diabetic adults who are frail or have multiple comorbid conditions. 101 Table 5 summarizes protein recommendations and study results for older people with diabetes.
Diabetes without kidney disease
The American Diabetes Association recommends normal protein intake (15%e20% of daily energy) as long as kidney function is normal. Not enough is known about the effect of high-protein diets (>20% of daily energy) to evaluate their safety. 104 For older adults with diabetes and mid-to late-stage CKD, some experts 109 argue that the effect of the modest delay in progression of diabetic CKD is too small, with a benefit that accrues across a term that may be longer than an older patient's available time horizon. Furthermore, people frequently reduce their protein intake spontaneously as they age.
Kidney Function and Kidney Disease
Increased protein intake can help improve muscle health and functionality in older people. However, aging is associated with decline in kidney function; thus, clinicians are concerned that highprotein diets will stress kidney function. The key question is, "At what level of kidney impairment does higher protein intake do more harm than good?" Recent evidence from a large, 5-year prospective cohort study found that older women (most older than 60, but not older than 79) with normal or slightly impaired kidney function and consuming higher protein than the RDA (an average of 1.1 g protein/kg BW/d), did not experience a reduction in renal function. 110 Similarly, among older women in the Nurses' Health Study (56.0 AE 6.6 years at start of study, but not older than 68) who had normal renal function, protein intake was not associated with declining GFR over 11 years. 111 However, among women with mild kidney insufficiency at the start of the study, high protein intake (particularly nondairy animal protein) was associated with more rapid GFR decline than expected.
111
In patients with nondiabetic CKD stages 3 and 4 (moderate to severe) up to age 70, there is evidence that low-protein diets can slow the progression of CKD. and is associated with a 30% decrease in reaching a dialysisdependent stage. 114, 115 However, there are concerns about the safety of low-protein diets, in particular when patients are not adequately monitored regarding nutritional indicators. In patients with well-controlled CKD enrolled in an RCT, a small but significant decline in nutrition indicators, essentially muscle mass, has been observed. 116 When a low-protein diet is prescribed, nutritional counseling advocating an energy intake of 30 kcal/kg BW/d is necessary to maintain a neutral nitrogen balance. In addition, a regular nutritional follow-up by a renal dietician is recommended to detect early signs of malnutrition. Under those conditions, the development of malnutrition during a low-protein diet is an extremely rare event. 115 As a safety precaution, malnourished patients and patients under stress conditions (eg, hospitalization or surgery) should not follow a protein-restricted diet. An Italian RCT of older (!70 years) patients with CKD who were close to starting dialysis 117 showed that a very low protein diet with 0.3 g/kg BW/d, supplemented with keto-analogues, amino acids, and vitamins, delayed the start of dialysis by approximately 11 months compared with a control group who followed a nonrestricted protein diet and immediately started dialysis. Compared with the control group, patients who were prescribed a very low protein diet had similar mortality rates and their nutritional status was maintained. It is important to mention that patients enrolled in the study were not malnourished at baseline, and that they received nutritional counseling and follow-up nutritional care to maintain intake at 35 kcal/kg BW/d. In a retrospective Dutch study of older patients (average age 65) with uncomplicated advanced CKD, a diet of 0.6 g protein/kg BW/ d with nutritional counseling helped delay the start of dialysis by 6 months, with no difference in mortality compared with a control group not receiving a low-protein diet. 112 Nonetheless, some experts remain concerned about prospects for survival in older patients with CKD with sarcopenia, or depleted muscle mass. These experts call for 0.8 g protein/kg BW/d as a measure to help maintain fat-free mass and improve survival prospects (Table 6 ).
113,118
The International Society of Renal Nutrition and Metabolism (ISRNM) has recently developed new dietary recommendations for people with CKD, including patients not on dialysis as well as those on peritoneal or hemodialysis. 119 Because patients with kidney disease are at risk of protein-energy wasting, 30 to 35 kcal/kg BW/d is recommended. In patients not on dialysis, protein intake of 0.6 to 0.8 g/kg BW/d is recommended for people who are well and 1.0 g/kg BW/ d for those with disease or injury. Once maintenance dialysis begins, a diet with higher protein is necessary to overcome nutritional depletion of the dialysis procedure. Experts currently recommend more than 1.2 g/kg BW/d to compensate for the spontaneous decline in protein intake and the dialysis-induced catabolism. 119 It is recommended that more than 50% of the protein consumed be of high biological value (ie, complete protein sources containing the full spectrum of amino acids). PROT-AGE recommendations for older people reflect the ISRNM guidelines, providing as much protein as possible for patients not no dialysis based on actual kidney function (measured as GFR). 119 In a recent year-long study of older people with CKD (65 AE 14 years) on hemodialysis, patients were offered high-protein, 
Combining Protein Intake and Exercise in Older People
The anabolic effects of insulin and amino acids on protein synthesis are enhanced by physical activity and some nutrients (omega-3 fatty acids, vitamin D) and are impaired by sedentary lifestyle, bed rest, or immobilization (Figure 2) . 53, 120, 121 With aging, the normal balance between muscle protein synthesis and degradation is shifted toward net catabolism, the body's anabolic response to dietary protein or amino acids is limited, 46, 120, 122, 123 and the normal antiproteolytic response to insulin is impaired. 46, 124, 125 At the same time, older people lead a less-active lifestyle, sometimes because of limitations imposed by chronic illnesses. 126 As a result, aging is associated with a progressive loss of skeletal muscle mass and strength, which leads to reduced functional capacity. 120, 122, 127 Evidence shows that age-related muscle loss can be counteracted by exercise training 128 and by increased intake of protein or amino acids.
5,120
Physical Activity
The amounts of physical activity and exercise that are safe and well tolerated depend on each individual's general health. For all adults, physical activity can be accumulated as activities of daily living (ADLs); exercise is structured and repetitive. For older people, structured exercises are recommended to target health-associated physical benefits: cardiorespiratory fitness, muscle strength and endurance, body composition, flexibility, and balance. 129 The Amer- 
Synergistic Effects of Exercise and Protein or Amino Acids
In young and old people alike, protein ingestion together with exercise training increased synthesis of skeletal muscle 24,30,52,53,139 ; effects were evident for both aerobic exercise 51, 52 and resistance exercise. 24, 30, 139 Exercise consistently reduced the difference between muscle protein breakdown and synthesis; net positive protein balance (ie, synthesis greater than breakdown) was achieved only when protein or amino acid intake was supplemented. 140, 141 In a clinical study, frail older people who engaged in resistance training and consumed supplemental dietary protein for 24 weeks showed significant muscle hypertrophy, together with increases in muscle strength and performance; study researchers concluded that protein intake was necessary for training-associated gains in muscle mass. 142 In addition, the quality of the protein consumed may exert an influence on the protein synthetic response. High-leucineecontaining and rapidly digested whey proteins showed an advantage over isolated casein and soy proteins, 24, 30, 61, 139 which was particularly evident in short-term experiments. 62, 143 As for the combination of protein and exercise, a recent RCT in 175 community-dwelling women with sarcopenia showed that the combination of exercise twice weekly and 3 g of leucine twice daily for 3 months was superior compared with either intervention alone. 144 In another study, blends of whey and soy protein stimulated muscle protein synthesis after exercise to a similar extent as did whey protein alone. 145 Yet another trial compared resistance training in mobility-limited older adults in subgroups who received either whey protein supplementation or an isocaloric diet over 6 months; no statistically different changes were seen in lean body mass, muscle cross-sectional area, muscle strength, or stair-climbing. 146 More long-term studies are needed to confirm potential benefits of whey protein.
When, How Much, and How?
With combination exercise-protein therapy, the timing of protein or amino acid intake relative to exercise is central to muscle anabolism. Exercise enhances muscle protein synthesis by sensitizing muscle to insulin-or amino acid-mediated anabolic actions, an effect that appears to peak in the first 3 hours after exercise 147 and may persist 18 to 24 hours after an exercise bout. 52, 148 Such findings suggest that protein should be consumed close after exercise (or physical therapy) to take advantage of its sensitizing effect. The short-term complementary effects of exercise and protein supplementation were underscored in long-term studies as well. Results of a meta-analysis of 22 RCTs involving 680 young and old subjects demonstrated that prolonged resistance training (>6 weeks) combined with cotemporal protein supplement consumption led to significant muscle mass gains, which were associated with significant strength gains. 53 During and following hospitalization, a rehabilitation specialist usually makes individualized recommendations for duration and intensity of exercise. There is no global standard or recommendation, but physical activity during hospitalization and in posthospitalization rehabilitation sessions has reported benefits.
1e3,5e10, 69,70,149e152 Total daily dietary protein intake seems to influence the anabolic effects of exercise. In a study of body composition changes in 50-to 80-year-old adults who followed resistance training regimens for 3 months, net positive effects of protein occurred when protein intake was greater than 1.0 g protein/kg BW/d. 151 
Specific Patient Populations
Evidence supports the combination of exercise and protein/amino acid supplementation for prevention and treatment of muscle loss in certain debilitating clinical conditions, including bed rest for acute critical illness or injury 153e160 and also for chronic diseases, such as COPD 161e165 and congestive heart failure (CHF). 99, 163, 166 The loss of muscle mass and strength associated with bed rest per se can be partly offset by protein or amino acid supplementation. 158, 167 Exercise is recognized to provide a potent anabolic stimulus to muscle, even among patients who are mostly limited to bed rest. 153, 157, 168 For patients with COPD, results of 2 studies clearly showed benefits from exercise training along with protein supplementation 162, 164 ; whey protein served as an effective protein source. People with CHF likewise experienced benefits when treated with exercise and amino acid supplementation. 99 Thus, a small number of trials have shown that modest physical activity is possible in people with chronic illnesses or those recovering from critical illness, 169e171 but more and larger trials are needed to demonstrate the safety and efficacy of such strategies, especially because protein supplementation alone may not be sufficient to rescue very old people or those with severe muscle loss. 160 
Other Dietary Supplements for Muscle Maintenance in Older People
Several dietary supplements have been tested in combination with exercise in older adults, namely creatine 160,172e175 and beta-hydroxybeta-methylbutyrate (b-HMB). 176e180 In general, these agents have positive effects on lean body mass and strength, but the effects tend to be small and are not consistent. Some authors have championed the benefits of creatine for outcomes other than skeletal muscle synthesis, including bone health and cognitive function. However, at this time, it is not possible to state definitively whether creatine or b-HMB can enhance exercise responses in older people, as these agents have been shown to do in younger people. 184, 185 Clearly this is an area for more clinical trials.
Exercise and Protein Recommendations for Older People
Because older people are at high risk for muscle loss and disability when immobilized, and because exercise has known prevention and recovery benefits for physical health, the PROT-AGE group recommends a combination of higher protein intake and exercise for older people. A usual intake of 20 g protein at least, probably just after physical exercise, is recommended as muscle sensitivity to amino acids may be increased after exercise. 24 Another aspect is the amino acid content of the protein source, as leucine has been reported as an interesting stimulating factor for muscle protein synthesis. From the available studies, it is accepted that 2.0 to 2.5 g of leucine intake should be contained in the amino acid mixture. 24, 25 Some individuals may not be able to tolerate exercise (eg, those with acute myocardial infarction, unstable angina, uncontrolled arrhythmia) or very high protein/amino acid supplementation (eg, nondialyzed late-stage kidney patients). As always, all treatment decisions are guided by clinical judgment and a full perspective of the patient's health condition. In these situations, muscle electrical stimulation may be an effective therapy to help alleviate muscle loss. 
Protein Quality and Specific Amino Acids
For older people, a high-quality protein is one that has a high likelihood of promoting healthy aging or improving age-related problems and diseases. Protein quality was traditionally defined by amino acid composition, as measured by an essential amino acid score or by the ratio of essential to nonessential nitrogen. It was believed that a high-quality protein supplied all needed amino acids in quantities sufficient to satisfy demands for ongoing protein synthesis in the human body; however, the definition of protein quality has evolved in recent years. Protein quality still considers amino acid content but also includes new concepts: digestibility and absorption of the protein, as well as newly recognized roles of specific amino acids in regulation of cellular processes. 147, 189 The following section reviews state-of-the-art understanding of protein quality and relates these concepts to practical aspects of protein intake by older adults.
PROT-AGE recommendations on dietary protein and amino acid quality for older people The list of indispensable amino acids is qualitatively identical for young and old adults. There is no evidence that protein digestion and absorption capacities change significantly with aging. "Fast" proteins may have some benefits over "slow" proteins in muscle protein metabolism. Dietary enrichment with leucine or a mixture of branched-chain amino acids may help enhance muscle mass and muscle function, but further studies are needed to support specific recommendations.
b-HMB may attenuate muscle loss and increase muscle mass and strength in older people, but further studies are needed to support specific recommendations. Creatine supplementation may be justified for older people, especially those who are creatine-deficient or at high risk of deficiency.
Indispensable, Dispensable, and Conditionally Dispensable Amino Acids
Nutritive amino acids were originally classified as essential (no endogenous synthesis pathway in humans possible) or non-essential (endogenous enzymatic synthesis possible). This simple classification did not take all physiological situations into account, so the classification was revised. 190, 191 Dispensable amino acids can be synthesized by the human body in sufficient amounts for all physiological situations. Indispensable amino acids are never synthesized in humans because enzymatic pathways are lacking; supplies must be provided from dietary sources. Conditionally-indispensable amino acids are synthesized by the human body under normal physiological conditions but must be supplied in part from dietary sources when needs are unmet. Unmet needs occur when protein synthesis increases, enzymatic pathways are limited by genetic factors, or endogenous supplies are insufficient due to decreased availability of precursor supplies. Using novel methodologies (eg, stable isotopes, long-term metabolic studies), metabolism and function of amino acids can be evaluated objectively. To date, research has not shown that aging has a significant impact on endogenous synthesis of amino acids. There is, thus, no scientific evidence to make a separate amino acid classification for older people. Consequently, there is no reason at this time to change indispensable amino acid requirements compared to those published for young adults. 192 
Protein DigestibilityeCorrected Amino Acid Score
Recent scoring systems, such as the Protein DigestibilityeCorrected Amino Acid Score (PDCAAS), consider not only the chemical composition of a protein but also its digestibility rate. 193 The score is based on a comparison between the quantities of single indispensable amino acids in 1 g of a test protein with the quantities of these amino acids in the same amount of reference protein. The lowest ratio (first limiting indispensable amino acid) determines the quality of the protein. This calculated value is then corrected for the true fecal/ileal digestibility, which is evaluated by measuring the endogenous losses of amino acids after protein consumption in vivo. The PDCAAS is now widely used 193 ; it has been adopted by the Food and Agriculture Organization/World Health Organization as the preferred method for the measurement of protein quality in human nutrition.
Although some age-related anatomical and physiological changes have been described in the gastrointestinal tract, 192 these changes are relatively small and do not substantially impair amino acid availability from food. 194 Consequently, there is no reason at this time to change amino acid requirements compared with those published for young adults.
192
"Fast" and "Slow" Proteins
After protein intake and digestion, the magnitude and duration of changes in amino acid availability have been shown to regulate protein gain. 59, 60 The concept of "fast" proteins means a faster, higher, and more transient elevation of postprandial plasma amino acid appearance from dietary protein than for "slow" proteins, even when the amino acid content is similar. 195 Such different kinetic patterns influence the subsequent amino acid metabolism. 59 In older men, whey protein (a "fast" milk-derived protein) stimulated postprandial muscle protein accretion more effectively than casein (a "slow" milk-derived protein), an effect that is attributed to a combination of whey's faster digestion and absorption kinetics and possibly to its higher leucine content. 30, 61, 143 However, because ingestion of 15 g of whey protein appeared to be better than ingestion of its equivalent in essential amino acids (6.72 g), 196 whey protein does appear to have some anabolic benefit beyond its essential amino acid content. The whey/casein difference has not been found universally. When taken in immediately after resistance exercise, whey and casein resulted in equally increased protein synthesis despite temporal differences in postprandial insulin and amino acid concentrations. 197 Milk-derived proteins (whey, casein) were both more efficient for improving muscle protein anabolism than soy proteins. 198 Studies are therefore needed to ascertain whether such benefits are characteristic of milk proteins or are more generally related to animal versus plant differences. Taken together, research findings generally suggest that "fast" proteins provide greater benefit to muscle protein accretion than do "slow" proteins. However, evidence from small experimental trials needs to be confirmed in larger patient populations before precise recommendations can be made on the choice of "fast" versus "slow" proteins. 29, 63 Enrichment of Diet With Branched-Chain Amino Acids
Based on the concept of "rate-limiting" amino acids, the idea was born to enrich the daily diet or specific food with amino acids. Furthermore, branched-chain amino acids (BCAA), including leucine, are now thought to have specific positive effects on signaling pathways for muscle protein synthesis. 28 The addition of a mixture of BCAA to the nutritional support of severely ill patients increased muscle protein synthesis in different settings. 28, 199, 200 Although the BCAA leucine has been proposed as a promising pharmaconutrient for prevention and treatment of sarcopenia, results of nutritional intervention studies are not consistent regarding the clinical efficacy of leucine in healthy, active older men. 24, 28, 201, 202 Moreover, no data are available today for older people who are inactive or ill.
Supplementation With Amino Acid Derivatives/Metabolites
b-HMB is a metabolite of leucine with multiple modes of action. b-HMB has been widely used by athletes to improve performance. 203 Combining exercise training with b-HMB supplementation leads to increased muscle mass and strength in young persons, but this has not been shown in older persons. A recent review stated that b-HMB may attenuate muscle loss and increase muscle mass and strength in older people and in specific clinical populations (AIDS and cancer). 177 Although the number of b-HMB studies in older people remains limited, results of a recent study demonstrated that b-HMB supplementation preserved muscle mass during 10 days of bed rest in healthy older adults (age range 60 to 75 years). 204 
Creatine Supplementation
Creatine is a guanidine-derived compound naturally synthesized in the human body using several amino acids (arginine, glycine, methionine) as precursors. Creatine is also sourced from meat in the diet; dietary creatine intake depends on daily food choices. In the body, creatine is mostly stored in skeletal muscle because it is needed to synthesize and maintain adenosine triphosphate (ATP) levels for muscle contraction.
Results of several interventional studies in older adults suggest that high amounts of exogenous creatine may support muscle mass and function. 205 Whether creatine can be classified as an "indispensable" nutrient in older people is a current topic of discussion. Some 173, 206 but not all 172, 207 studies show a muscle strength benefit with the use of creatine supplements in older people. This effect may be related to timing and dosage of creatine supplementation; longterm benefits of different strategies are not yet known. 205 Creatine supplementation may be justified in older people who are creatinedeficient or at high risk of deficiency.
Relationship Between Dietary Protein Intake and Physical Function Outcomes
Reduced mortality risk has been reported in undernourished, hospitalized geriatric patients where supplementation (at least 400 kcal/d) may assume a therapeutic role. 74 Furthermore, more recently, nutritional supplementation has been linked to reduced complications and readmission to hospitals. 73 However, the ability to live at home as opposed to being institutionalized is very important to most people and to support achievement of this goal, good physical function is essential. In older people, loss of muscle strength is associated with reduced functional capacity and increased health care costs. 16 In addition to the amount of skeletal muscle, other conditions also affect functional outcomes: muscle quality, total body fat, neurologic function, cardiovascular and pulmonary function, and other comorbid conditions. 16, 208 Nutrition, especially dietary protein intake, is known to affect overall function of the body. 73,74,84,208e212 (Table 8) .
Systematic reviews and meta-analyses Cawood et al 73 conducted a systematic review of the effects of high-protein, multinutrient ONS in community patients older than 65 years. When possible, RCT results were combined for meta-analysis. In terms of functional outcomes, hand-grip strength improved significantly in patients who received multinutrient, high-protein ONS compared with control patients who did not receive ONS 80, 224, 225 Scale measures fatigue, ability to climb 1 flight of stairs, ability to walk 1 block, more than 5 illnesses, and 5% or more weight loss in 6 months. Rodríguez-Mañas 2013 226 Experts discussed but did not achieve consensus on specific diagnostic criteria for frailty. 
28).
A very recent RCT conducted in South Korea investigated 87 nutritionally-at-risk, community-dwelling, frail older adults with gait speed less than 0.6 m/s. The intervention of two 200-mL cans of commercial liquid formula providing 400 kcal additional energy (25.0 g protein, 9.4 g essential amino acid) was compared with no supplementation. Compared with the control group, the participants randomized to the intervention group performed better in both gait speed and Timed Get Up and Go test. Also, there was no change in the Short Physical Performance Battery (SPPB) score in the intervention group, whereas a decrease was seen in the control group. 238 Future studies of nutritional interventions need to measure functional outcomes. Protein supplementation may serve as an important preventive and therapeutic intervention against functional decline, especially when implemented in frail older people with malnutrition. 73, 227, 238 When older people experience functional decline and lose their independence, health care costs significantly rise. 239 For these reasons, it is important that studies investigating functional outcomes are undertaken when assessing efficacy and cost-effectiveness of specific interventions. To ensure appropriate care, it is likewise important to quantify functional capacity in relationship to needs for supportive social services. Vulnerable populations, such as those living in residential care or with dementia, should also not be excluded a priori from studies on the topic.
Take-Home Messages
For this article on protein nutrition for older people, members of the PROT-AGE Study Group reviewed an extensive medical literature RCT of community dwelling, at nutritional risk (Mini Nutritional Score <24), older people who were assigned to receive two 200-mL cans of nutritional supplementation (additional 400 kcal energy, 25.0 g protein, 9.4 g essential amino acid) or no supplementation for 12 weeks; outcome was assessed at 3 months Physical functioning improved but not significantly in the intervention group; no deterioration in SPPB scores compared with the control group Intervention group performed better on both gait speed and Timed Get Up and Go time compared to the control group þþ ONS, oral nutrition supplement; RCT, randomized controlled trial; SPPB, Short Physical Performance Battery. Key: þ benefit; þþ strong benefit; þþþ very strong benefit; -no apparent benefit; À/þ mixed benefit. ) are an exception to the high-protein rule; these individuals need to limit protein intake. Protein quality, timing of intake, and amino acid supplementation may be considered so as to achieve the greatest benefits from protein intake, but further studies are needed to make explicit recommendations. In combination with increased protein intake, exercise is recommended at individualized levels that are safe and tolerated.
and compiled evidence to show that getting adequate dietary protein is important to maintaining functionality. We found that optimal protein intake for an older adult is higher than the level currently recommended for adults of all ages.
1e3 New evidence shows that higher dietary protein ingestion is beneficial to support good health, promote recovery from illness, and maintain functionality in older adults. 5e10 Based on our findings, we made updated recommendations for protein intake.
